Abstract-We propose a novel structure for a monolithically integrated parametric frequency up and down converter using two parallel periodically poled lithium niobate (PPLN) waveguides combined with a reflective wavelength-division multiplexer (WDM) to realize second-harmonic-pumped parametric mixing on one chip. The parallel configuration of the PPLN waveguides provides a long interaction length for efficient conversion. The reflective WDM used for (de)multiplexing 0.78-and 1.56-µm light consisted of two multimode interference (MMI) (de)multiplexers and a dichroic mirror. The utilization of the wavelength selectivity of both the MMI (de)multiplexers and the dichroic mirror enabled us to achieve high isolation of the fundamental light for generating a second-harmonic pump. We fabricated the integrated device using a direct-bonded LiNbO3 ridge waveguide. Frequency conversion achieved with two-stage second-harmonic generation and difference frequency generation processes was successfully demonstrated with a high isolation of the fundamental and a parametric gain of the signal in the integrated device.
Single-Chip Parametric Frequency Up/Down Converter Using Parallel PPLN Waveguides Takushi Kazama, Takeshi Umeki, Masaki Asobe, and Hirokazu Takenouchi Abstract-We propose a novel structure for a monolithically integrated parametric frequency up and down converter using two parallel periodically poled lithium niobate (PPLN) waveguides combined with a reflective wavelength-division multiplexer (WDM) to realize second-harmonic-pumped parametric mixing on one chip. The parallel configuration of the PPLN waveguides provides a long interaction length for efficient conversion. The reflective WDM used for (de)multiplexing 0.78-and 1.56-µm light consisted of two multimode interference (MMI) (de)multiplexers and a dichroic mirror. The utilization of the wavelength selectivity of both the MMI (de)multiplexers and the dichroic mirror enabled us to achieve high isolation of the fundamental light for generating a second-harmonic pump. We fabricated the integrated device using a direct-bonded LiNbO3 ridge waveguide. Frequency conversion achieved with two-stage second-harmonic generation and difference frequency generation processes was successfully demonstrated with a high isolation of the fundamental and a parametric gain of the signal in the integrated device.
Index Terms-Integrated optics, nonlinear optics, optical frequency conversion.
I. INTRODUCTION

E
FFICIENT optical parametric mixers based on χ (2) nonlinear processes have been used for many optical communication applications such as a grouped-wavelength converter [1] , a squeezed-light generator [2] , and a phasesensitive amplifier [3] . These parametric mixers based on frequency down conversion (i.e. difference frequency generation (DFG)) require a high-power pump laser operating at half the signal wavelength, i.e. in the 0.78-μm band. With squeezing or phase-sensitive amplification in particular, the output signal of the parametric mixing interferes with the input signal, which depends coherently on the signal phase. The establishment of stable operation requires a pump whose optical phase is locked to that of the signal. Thus, the realization of a high-power and phase-locked pump requires the frequency up conversion (i.e. second harmonic generation (SHG)) of a strong fundamental light in the same signal-wavelength band in actual use. Waveguide devices based on periodically poled lithium niobate (PPLN) are widely used as nonlinear media. Confined optical fields in waveguides that can interact over a long distance greatly enhance the efficiency of nonlinear processes compared with processes in a bulk medium. Waveguide devices also have the potential to realize an integrated waveguide circuit that can provide a variety of devices with higher functionality. Multiple PPLN waveguides are required for a highly functional device based on parametric processes, such as an entangled-beam generator for quantum communication [4] or a phase-sensitive amplifier with a polarization-diversity configuration [5] . The monolithic integration of PPLN waveguides is a promising approach for the practical realization of stable operation for a device employing multiple parametric processes.
Squeezing has been successfully demonstrated in a PPLN integrated optical waveguide circuit based on an annealed proton exchange (APE) waveguide [6] . In this circuit, the basic components of a second-harmonic (SH) pumped parametric mixer consisting of two PPLN waveguides (for SHG and DFG) and a wavelength-division multiplexer (WDM) were connected in tandem in the longitudinal direction. This configuration limits the conversion efficiency because the conversion efficiency of a PPLN waveguide is proportional to the square of the waveguide length. If PPLN waveguides are integrated in a parallel configuration, we can use the entire length of the wafer for each PPLN waveguide except for the multiplexing region. Furthermore, a parallel configuration enables us to arrange many more PPLN waveguides and WDMs on one chip to realize a highly functional device.
In this letter, we report the first demonstration of the monolithic integration of the basic components of an SH-pumped parametric mixer in a parallel configuration. We propose a novel structure for two monolithically integrated PPLN waveguides with a WDM. By fabricating an integrated device, we successfully demonstrate parametric mixing based on two-stage SHG-DFG processes with a parametric gain.
II. DESIGN AND CONCEPT OF MONOLITHICALLY INTEGRATED PARALLEL PPLN WAVEGUIDES
The basic structure of an SH-pumped optical parametric mixer generally consists of three stages, namely an SHG stage, a WDM stage and a DFG stage. The process flow is shown schematically in Fig. 1 (a) . First, in the SHG stage, a strong fundamental amplified by an optical amplifier such as an erbium-doped fiber amplifier (EDFA) is used to generate a 1041-1135 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. high-power SH pump. Next, in the WDM stage, the pump and the fundamental which accompanies the amplified spontaneous emission (ASE) noise from the amplifier are separated, and the pump is multiplexed with the signal. Finally, in the DFG stage, the signal and the pump complete a parametric interaction. There are certain difficulties to overcome if we are to realize the monolithic integration of these three stages in parallel configuration. It is difficult for the WDM to connect two waveguides because the two waveguides are densely configured. Moreover, the WDM must perform the low-loss multiplexing and high isolation of the fundamental. This is because the coupling losses of the signal and pump degrade both the signal-to-noise ratio of the signal and the conversion efficiency. In addition, if the fundamental isolation is insufficient, the fundamental leakage and the accompanying ASE noise interfere with the signal, and that degrades the quality of the output signal. On the other hand, parallel PPLN waveguides need to have the same phase-matching (PM) wavelength for the integrated device to perform efficient parametric mixing. With the fabrication process there is generally a fluctuation in waveguide size, which means the PM wavelengths differ from chip to chip. Therefore, when we use two separate PPLN waveguides, we always use the temperature characteristics of the PM wavelength to compensate for any fabrication-related difference between the PM wavelengths. However, monolithically integrated waveguides are set at the same temperature. Therefore, the fabrication must be precise. For these reasons, it has been difficult to realize a single-chip parametric mixer consisting of two PPLN waveguides and a WDM in a parallel configuration. Figure 1 (b) shows a schematic view of our proposed structure. The parallel configuration of the two PPLN waveguides for SHG and DFG provide a long interaction length, and the reflection configuration of the WDM makes it possible to connect parallel waveguides that are configured densely. To achieve the high isolation of the fundamental and low loss coupling of the pump and signal, both the multi-mode interference (MMI) (de)multiplexers and the dichroic mirror are integrated. We designed MMIs that exhibit straight coupling for a wavelength of 1.56 μm and cross coupling for a wavelength of 0.78 μm [7] . MMI1 is cut at around the center of the MMI length, and the cut surface is coated with dielectric multilayered film that functions as a dichroic mirror. The dichroic mirror has high reflectivity at the pump (at 0.78 μm) and very low reflectivity at the fundamental (at 1.56 μm). The pump is generated by SHG from a strong fundamental, which accompanies the ASE from the amplifier used as the fundamental light source such as an EDFA. In MMI1, the fundamental with ASE is filtered out from the edge of the chip, and only the pump reflects to the cross port while the residual fundamental reflected from the chip edge re-enters the PPLN waveguide for the SHG. The pump from the cross (input) port and the signal from the bar (input) port are multiplexed in MMI2, where the residual fundamental can again be filtered out. Then, the signal and ASE-suppressed pump are injected into the PPLN waveguide for DFG to achieve wavelength conversion.
III. REFLECTIVE WDM USING MMI
First, to confirm the performance of the reflective WDM in the integrated device, we fabricated the reflective WDM device shown schematically in Fig. 2 . We prepared a Zn-doped LN wafer for the waveguide core layer and a Mg-doped LN wafer for the substrate. The two wafers were directly bonded and a ridge waveguide was fabricated with dry etching [8] . Then, we deposited a dielectric multilayer on the endface of the MMI. To evaluate the excess losses of the MMI, we placed a straight waveguide along the MMI as a reference. The fabricated waveguide was 7 μm thick. The input-output waveguide and the MMI (de)multiplexer were 10 and 46 μm wide, respectively.
We evaluated the excess insertion loss of the reflective WDM by injecting a 1.56-μm signal light and a 0.78-μm pump light. Figure 3 shows the transmittance of MMI2 for For the signal, at the optimal MMI length we obtained a low excess loss of less than 0.5 dB, which is close to the theoretical value of 0.1 dB. For the pump, a transmittance of about 2 dB was obtained. When the transmittance of MMI2 is optimized for a wavelength of 1.56 μm, the calculated transmittance for 0.78 μm light becomes 0.7 dB because of the refractive index dispersion. If we assume that the excess insertion loss of the MMIs for the pump is the same as for the signal, the total loss of about 2 dB for the pump that propagated through two MMIs was sufficiently low. We then investigated the fundamental isolation of the reflective WDM by injecting 1.56 μm light. Figure 4 showed the fundamental leakage using one MMI and the reflective WDM. A fundamental isolation of over 17 dB was obtained using one MMI. We also obtained an isolation of over 50 dB using a reflective WDM, which indicates that the two MMIs and dichroic mirror sufficiently suppressed the fundamental.
We confirmed both the low-loss multiplexing of the signal and the pump and the high isolation of the fundamental. These results clearly showed that the proposed WDM is suitable for 1-chip integration.
IV. DEMONSTRATION OF FREQUENCY CONVERSION THROUGH TWO-STAGE SHG/DFG PROCESSES
We integrated two PPLN waveguides with the reflective WDM. A periodically poled structure was formed in advance on a 3-inch Zn-doped LN wafer as a core layer by the conventional electrical poling method. Next, we carried out direct bonding and then we fabricated the ridge structure with a dry etching technique. The total length of the integrated device was 50 mm. The PPLN and WDM stages were 38 and 12 mm long, respectively.
We confirmed the difference between the PM wavelengths for the SHG and DFG as shown in Fig. 5 . We achieved approximately identical PM curves with a wavelength difference of 0.02 nm, which is sufficiently smaller than 0.2 nm (FWHM of PM curve) resulting from the high fabrication accuracy.
We then examined the performance of the monolithically integrated device based on two-stage SHG/DFG processes using the experimental setup shown schematically in Fig. 6 . We used external cavity laser diodes for both the signal and the fundamental source. We injected the 1562-nm signal into the input port by fiber butt coupling. The fundamental at a wavelength of 1555 nm was amplified by an EDFA and injected into the SHG port. The second-harmonic pump launched into the input port of MMI1 was reflected to the cross port, and multiplexed with the signal in MMI2. Then the signal and pump were launched into the DFG stage for down conversion. The conventional dichroic mirror was used to eliminate the unnecessary pump in the output light, and we observed the 1.5-μm-band light with an optical spectrum analyzer (OSA). In addition, to evaluate the isolation of the integrated WDM, we also measured the fundamental-out, which is the fundamental that passed through the edge of MMI1. The attenuator was used to prevent any optical damage to the OSA caused by the high-power input of the fundamental. The total loss, which included the mode mismatching between fiber and waveguide, the intrinsic losses of the waveguide, the insertion loss of the dichroic mirror, and the attenuation loss, was 20.7 dB at a wavelength of 1.56 μm. The device was operated at 45°C by a temperature controller to maintain the same PM condition. Figure 7 shows the output spectra. The solid line shows the DFG spectrum with a fundamental input power of +33 dBm and an input signal power of 0 dBm. The dashed line shows the spectrum of the fundamental-out. We obtained a signalto-converted signal difference of 1.9 dB. From the difference between the peaks for fundamental out and the leakage of the fundamental we also obtained a fundamental isolation of 63 dB. Figure 8 showed the output intensities of the signal and converted signal as a function of the fundamental power, which included the above measured result giving a fundamental power of +33 dBm. Since the Zn-doped direct bonded waveguide is highly resistant to photorefractive damage [9] , there was no saturation in the conversion efficiency caused by a QPM wavelength shift. Thus, we confirmed that the parallel PPLN waveguides maintained identical PM characteristics with input fundamental powers of up to +33 dBm. We defined the signal level as the signal power without any pump power. When we launched a fundamental power of +33 dBm into the waveguide, we achieved an internal conversion efficiency of −0.9 dB with a parametric gain of 1.0 dB for the signal. We successfully demonstrated frequency conversion based on two-stage SHG/DFG processes with a high fundamental isolation and a parametric conversion gain in a monolithically integrated device.
V. CONCLUSION
We proposed a novel structure for monolithically integrated parallel PPLN waveguides with a reflective WDM using a direct-bonded waveguide. We fabricated the WDM for (de)multiplexing 0.78-and 1.56-μm light using two MMIs and a dichroic mirror to achieve low-loss multiplexing and high wavelength selectivity. We obtained a low excess loss of below 0.5 dB for a 1.56-μm signal, a low excess loss of about 2 dB for a 0.78-μm pump, and a high extinction ratio of over 50 dB for a 1.56-μm fundamental. We then fabricated two parallel PPLN waveguides integrated with the reflective WDM on one chip. Identical phase matching between two PPLN waveguides was obtained. We successfully achieved two-stage SHG and DFG processes with a high fundamental isolation of over 60 dB and a parametric gain of +1 dB for the signal. We believe that the integration of functional devices will be the key to achieving an efficient parametric mixer.
